We investigated the effect of actin ®lament length and capping protein on the rate of end-to-end annealing of actin ®laments. Long ®laments were fragmented by shearing and allowed to recover. Stabilizing ®la-ments with phalloidin in most experiments eliminated any contribution of subunit dissociation and association to the redistribution of lengths but did not affect the results. Two different assays,¯uorescence microscopy to measure ®lament lengths and polymerization to measure concentration of barbed ®lament ends, gave the same time-course of annealing. The rate of annealing declines with time as the average ®la-ment length increases. Longer ®laments also anneal slower than short ®laments. The second-order annealing rate constant is inversely proportional to mean polymer length with a value of 1.1 mM À1 s À1 /length in subunits. Capping protein slows but does not prevent annealing. Annealing is a highly favorable reaction with a strong in¯uence on the length of polymers produced by spontaneous polymerization and should be considered in thinking about polymer dynamics in cells.
Introduction
End-to-end annealing of actin ®laments was discovered more than thirty years ago in pioneering work by Kawamura and Maruyama. 1 They observed by electron microscopy that actin ®la-ments recovered their original lengths after fragmentation into short ®laments by sonication. They proposed that end-to-end annealing of actin ®la-ments accounts for the recovery of the length distribution. To the contrary, Carlier and coworkers proposed that depolymerization and repolymerization of actin monomomers explains the redistribution of lengths after fragmentation. 2, 3 However, much microscopic and kinetic evidence points to annealing as the major mechanism for length redistribution after fragmentation. 4 ± 6 We reinvestigated annealing for three reasons. First, we found that inclusion of an annealing reaction in theoretical models can account for the lengths of ®laments produced by spontaneous polymerization of highly puri®ed actin monomers. 7 Second, we observed that networks of short, branched actin ®laments generated by Arp2/3 complex are converted into long unbranched ®la-ments when the daughter ®laments dissociate from mother ®laments. 8 Since phalloidin prevented dissociation of subunits from these ®laments, annealing must contribute to this dramatic remodeling. Third, we wanted to account more fully for why the early rapid phase of annealing slows down after a few cycles. 5 Theoretical considerations suggested that the rate of annealing is inversely proportional to the average ®lament length, 7 but this had not been tested experimentally.
Here we con®rm unambiguously by direct visualization that annealing accounts for length redistribution after fragmentation. We also show experimentally that the annealing rate constant varies with polymer length, being equal to a constant divided by the mean length of the annealing polymers, as expected from considerations of the subtleties of the kinetic behavior of annealing. 7 Annealing is a highly favorable reaction that con-tributes to actin ®lament dynamics in vitro and should be considered in models of actin dynamics in cells.
Results

Visualization by light microscopy
Fluorescence microscopy of the products of shearing a mixture of two colors of actin ®laments dramatically con®rms earlier evidence 4 ± 6 for annealing (Figure 1(a) and (b) ). Long ®laments consisting of alternating red and green segments arise from end-to-end annealing of the two original populations of ®laments. Fluorescent micrographs of the products of shearing by mixing two colors of actin ®laments with a rapid mixer (Figure 1(b) ) showed ®laments with alternating red and green segments similar to those sheared manually with a syringe (Figure 1(a) ). Lengths of the red and green segments were measured, and segment length distributions are similar (Figure 1(c) -(e)). The reported average segment lengths do not represent the initial length of ®laments after fragmentation, but they can serve as an upper limit for what those might be.
Time-course of annealing
We used light microscopy and a polymerization assay to measure the change in the length of ®la-ments after they had been sheared into small pieces through a syringe needle. Our¯uorescence microscopy assay (Figure 2 ) measured the length of ®laments by their¯uorescence intensity, allowing measurement of lengths less than 0.5 mm, which were not accessible with previous light microscopic techniques. Assuming constant polymer mass, we converted the lengths into the concentration of ends. The polymerization assay ( Figure 3 ) measured the concentration of ends at intervals using the ®laments to initiate actin ®la-ment elongation. The concentration of barbed ends depends directly on the rate of elongation according to:
where v i is the initial rate of elongation, [actin monomer] is 2.0 mM, and k is the elongation rate constant, 10 mM À1 s À1 . 9 Both of these assays allowed us to construct a time-course of number of ®laments (N) over time.
The annealing of sheared ®laments increases the average length (Figure 3(a) ) and decreases the concentration of ends (Figure 3(b) ) with time, assuming constant actin polymer concentration. Annealing is rapid initially, then slows with time as the ®laments grow longer from a mean length of 0.41 mm at seven seconds to 3.63 mm at one hour. The results were the same without phalloidin (Figure 3(b) ). Length distributions of ®laments (Figure 2(g)-(j) ) clearly show a redistribution of lengths after fragmentation. Shortly after fragmentation, more than 90 % of the ®laments are less than 1 mm long (Figure 2(g) ). This drops to about 50 % within ten minutes, and longer ®laments form, up to lengths of 20 mm within one hour (Figure 3(d) ). Both the unfragmented and 24-hourspost-fragmentation samples contained ®laments in the 30 mm to 80 mm range. Length distribution and average length of sheared ®laments recovered to the levels of unfragmented controls within 24 hours (Figure 3 (f) and (j)). Length redistribution is due entirely to annealing, since the presence of phalloidin in our assays precluded the possibility of depolymerization and spontaneous nucleation. 2 Two independent methods using the same total concentration of actin polymer gave the same timecourse for the change in concentration of ends over seven seconds to one hour (Figure 2(b) ). After ®nd-ing good agreement between the two independent methods for monitoring the time-course of annealing, we used the elongation assay to determine the time-course of annealing over a 40-fold range of polymer concentrations, from 0.1 mM to 4.0 mM.
We used a stopped-¯ow assay to resolve the early events in annealing. The rapid mixer sheared a high concentration of ®laments and mixed them with pyrene-actin monomers. The¯uorescence increased with time as the monomers elongated the ®laments. Since annealing is concurrent with polymerization, the number concentration of ®la-ments declined with time, allowing the time-course of annealing to be documented in a single sample on a time scale of seconds ( Figure 2(c) ).
Determining the annealing rate constant
Assuming annealing is a bimolecular reaction, equation (2) describes the rate of the reaction:
N is the number concentration of ®laments, dN/dt is rate, and k a is the annealing rate constant. The rate was determined from the forward derivative for N at each time point. Theoretically, a ®rst-order fragmentation reaction exists in an equilibrium with the annealing reaction. However, by directly shearing actin ®laments in our experiments, we are driving the system far from equilibrium into a regime where annealing is the dominant process and further fragmentation is negligible. Under farfrom-equilibrium conditions, the ®rst-order fragmentation reaction does not affect the annealing rate.
We believe the annealing reaction, like polymerization, is diffusion controlled. But an annealing reaction, unlike monomer addition to a ®lament, requires the diffusional encounter of two ®laments. As ®laments grow longer, their diffusion will become restricted by their length, as in the phenomenon of reptation, where polymers move through a gel matrix. 10 ± 12 Thus the rate of annealing would also be dependent on ®lament length because annealing is diffusion controlled and ®la-ment diffusion is restricted depending on length. Calculation of the annealing rate constant (k a ) using equation (2) at each time point revealed that k a did not remain constant, and in fact decreased over time. We proposed that the change in annealing rate constant over time was due to the increase in ®lament length over time. Here, we experimentally derive the degree of dependence of k a on ®la-ment length.
We use a plot of log (k a ) versus log (L) to illustrate the dependence of k a on ®lament length (L)
where k is a proportionality constant. Over a 40-fold range of polymer concentration the slope of this plot was consistent with a value of À1 as shown in Figure 4 (b). Thus:
indicating that the annealing rate constant is inversely proportional to ®lament length. Data from the elongation experiments were ®tted to a general equation (see Materials and Methods) to generate values for the proportionality constant (k) at each of the tested polymer concentrations. The average value of k across this range of concentrations is 1.1 mM À1 s À1 with a standard deviation of 0.8 mM À1 s À1 (Figure 4 (c)). Similar analyses were done on the data from the stopped-¯ow assay, but taking into account the competition between polymerization and annealing (see Materials and Methods). At early time points, the stopped-¯ow assay gave a proportionality constant of 1.7 mM À1 s À1 with a standard deviation of 0.8 mM À1 s À1 , in good agreement with the proportionality constant calculated from the hand shearing experiments.
Effects of capping protein on annealing
Capping protein caps the barbed ends of actin ®laments with a high af®nity. 13 We investigated how this affects the annealing reaction. We tested the ef®ciency of capping protein by inhibition of elongation from spectrin-actin seeds (data not shown). The K d for this capping protein stock was 32 nM and the association rate constant is 3 mM À1 s À1 . 13 Thus an excess of 300 nM capping protein should ensure that all barbed ends in a 0.5 mM concentration of total actin are capped rapidly ($1 s À1 ). Saturating concentrations of capping protein completely halt polymerization. Interestingly, the addition of saturating concentrations of capping protein did not entirely inhibit annealing. Micrographs of red and green ®laments taken one hour after shearing in the presence of 300 nM capping protein visually demonstrate the continued occurrence of annealing ( Figure 5(a) ).
By light microscopy, the time-course of annealing was slower with 300 nM capping protein than without ( Figure 5(c) ). At the one hour time point, samples with capping protein had far fewer long ®laments than controls (Figures 5(b) , and 3(i)). Surprisingly, ®laments annealing in the presence of capping protein reach lengths comparable to one hour controls after 24 hours (data not shown). Data for the time-course of annealing in the presence of capping protein were consistent, but could not be ®tted to the curve generated by the annealing model ( Figure 5(c) ). The length distributions for annealed red and green segments at equilibrium (Figure 1 (c) -(e)) are not distributions of the initial lengths after fragmentation, since segments of the same color can also anneal. Determining an exact value for the initial length after shearing is problematic, because the initial population of ®laments is inhomogeneous. The smallest length measured is thus not indicative of the starting population of fragmented ®laments. Taking the average of a distribution of initial ®lament lengths after shearing is a better indication of the starting length. However, constructing a distribution of initial lengths after shearing is impossible, since there is no way to distinguish between the effects of an inhomogeneous population of fragments at the start and the occurrence of same-color annealing. Models of length distributions that take into account the occurrence of same color annealing cannot account for the heterogeneity of the initial population of fragmented ®laments and do not ®t our data.
Annealing kinetics and nucleotide state of actin
The nucleotide bound to subunits at the ends of ®laments are expected to be different in the stopped-¯ow elongation assay and with manual shearing in the presence and absence of phalloidin. In the stopped-¯ow elongation experiments, continuous addition of ATP actin subunits should ensure that the subunits at both ®lament ends had ATP or ADP-P i . 14 In the longer time-course assays, in the presence of phalloidin, ends most likely had bound ADP-P i since there were no free ATP actin subunits in solution, and the presence of phalloidin inhibits P i release. In the longer time-course assays done in the absence of phalloidin, ends most likely had bound ADP because there was no phalloidin to inhibit P i release.
Similarity in results in all three cases suggests the nucleotide state of actin ®lament ends has a negligible effect on annealing. This agrees with conclusions reached by Murphy et al. 5 that the nucleotide state of the ends had no effect on initial rate of annealing after shearing. However, it has been proposed that, in the presence of free ATP, nucleotide exchange occurs at the barbed end, 15, 16 so ATP or ADP-P i could be bound at barbed ends in the longer time-course assays without phalloidin. More detailed studies must be done to ascertain the effect that nucleotide state and the presence or absence of phosphate has on annealing.
Physical basis for annealing kinetics
Annealing does not ®t the typical pro®le for a bimolecular reaction, since the annealing rate constant does not in fact stay constant and decreases over time. A physical explanation is required to account for the atypical behavior of the annealing reaction. As described by many researchers, 10, 11, 17 actin ®laments behave reptatively at high concentrations. In such a regime, the rate of diffusion for an actin ®lament is inversely proportional to its length. Sept et al. 7 proposed that just as barbed-end polymerization is diffusion limited, the end-to-end annealing of two actin ®laments would also be controlled by the diffusional encounter of the ends of the polymers. The rate of the annealing reaction would have this same 1/L dependence and would not depend solely on the square of the concentration of ends, thus explaining the continuous decrease of the annealing rate constant over time.
The actin concentrations used in this study are far below the semi-dilute regime where reptation occurs, but conditions in solution are crowded. The micrographs shown here (Figures 1(a) and (b) and 3(a)-(e)) are of samples diluted 300 times, since the concentration of ®laments in undiluted samples is too high to image well. Even at low actin concentrations, actin ®laments are densely packed. It is not unreasonable to postulate that the same steric effects that gels exert on ®laments as well as the slowdown of ®lament diffusion in gels caused by friction and drag would also occur under such crowded conditions. Analysis of our data can prove whether or not this is the case.
No functional form was assumed for the relationship between the annealing rate constant and ®lament length when analyzing the data. The functional form was derived from the data, as elaborated in Results. The slopes of the log-log plots were all consistent with a value of À1, indicating that the observed annealing rate constant is indeed inversely proportional to ®lament length. If the annealing rate constant were independent of ®lament length as postulated by others, 4, 6 the slope of the log-log plots would be zero.
A simple correction to the original expression of the bimolecular reaction used to describe annealing allows it to account for the length dependence of the annealing rate constant, and provides a more accurate description of the kinetic mechanism. uorescence microscopy (®lled triangles) or elongation rate of 2 mM pyrene-actin monomers (open circles). A control was also run in the absence of phalloidin (open inverted triangles). Conditions: 0.5 mM polymerized actin stabilized with rhodamine-phalloidin for microscopy or phalloidin for elongation assays in KMEI buffer at room temperature. Aliquots were taken at each time point after fragmentation and each reaction was stopped by 200-fold dilution (microscopy) or 20-fold dilution (elongation assays). The continuous curves are ®t using equation (8) . (c) Ends versus time. Filaments fragmented by passage through a stopped-¯ow mixer. Polymerized actin at 6 mM was mixed with 6 mM actin monomers (5 % pyrene-labeled) and the time-course of polymerization measured. The concentration of ends was calculated from the elongation rate and the concentration of actin monomers at each point along the curve. The continuous curve is ®tted using equation (9) .
Great care must be taken in utilizing the value for the proportionality constant (k 1.1 mM À1 s À1 ) when quantifying the effects of annealing in other actin-based processes. The proportionality constant is not a gauge of the annealing rate. In general, the annealing rate constant (k a ) is a better gauge of the rate of the annealing reaction than the proportionality constant (k).
The k/L form of the annealing rate constant that we assumed here only applies for average ®lament lengths over 100 subunits (these were the average ®lament lengths present at the earliest time points in our assays). As an extreme case, this model cannot scale down to the addition of a ®lament of one subunit length, where k a k k . This would be monomer addition, and we know the monomer association rate constant (k ) is 10 mM À1 s
À1
, not 1000 mM À1 s À1 . 9 Although we do not require a more elaborate expression to ®t our data, a more inclusive form of the annealing rate constant, such as k a k /1 bL, where b is a constant, would approach k as L approaches 1 and behave like k/L for large lengths. More work must be done to examine what occurs in processes involving ®la-ments in the range of two to 100 subunits before constructing a more general model that explains both monomer addition and annealing.
Capping, annealing, and polymerization
The fact that annealing still occurred in the presence of saturating concentrations of capping protein also requires a physical explanation. An analysis of our data, taking into account experimental conditions, will show that our results cannot be explained by competion between capping protein and actin ®laments for ®lament ends. Under the conditions of our assays (300 nM capping protein, 5 nM actin ®lament ends of 100 subunit length), the rate of capping is faster than that of annealing according to equation (2) and:
where ÀdC/dt is the rate of capping, C is the concentration of capping protein, k c is the association rate constant for capping protein, and N is the number concentration of actin ®lament ends. The rate of annealing slows down over time, so there is no point where the annealing reaction can compete with the capping reaction. We can better describe annealing in the presence of capping protein using concepts from gated reaction theory. 18 The association and dissociation of capping protein would act as a potential gating mechanism for reactions such as annealing and monomer elongation. Our experimental conditions ensure that gated reaction theory will provide an appropriate description for these phenomena. In our assays, ®laments were preincubated with a saturating concentration of capping protein prior to the initiation of the annealing reaction. The fast association rate of capping protein guarantees the majority, if not all, of ®lament barbed-ends liberated by shearing are capped within seconds. This satis®es the requirement that a gating equilibrium must preexist the initiation of the gated reaction. 18, 19 There are two possible outcomes after initiating the gated reaction, depending on the rate of the ungated reaction. If the time it takes to open and close the gate is much greater than the characteristic time of diffusion of the ungated reaction, the rate constant for the gated reaction is equal to the ungated rate constant multiplied by the probability of the gate being open. 19 The probability of the gate being open is the ratio between the rate constant for gate opening and the sum of the rate constants for opening and closing. On the other hand, if the characteristic time of diffusion of the ungated reaction is much greater than the time it takes to open and close the gate, the rate constant for the gated reaction approaches the rate constant for the ungated reaction. 19 Concrete examples of the two possibilities can be seen when examining monomer elongation and annealing in the presence of capping protein.
Under conditions for elongation comparable to those of our annealing assays (this time including 2 mM actin monomer), the rate of monomer addition is faster than the rate of capping according to equations (1) and (5). Capping protein effectively inhibits elongation because the time of association and dissociation of capping protein is long compared to the diffusional encounter time of monomers to the end of ®laments. At saturating concentrations of capping protein, monomers will inevitably encounter capped ®lament ends, so the likelihood of a productive encounter is limited by the probability of capping protein having dissociated (the gate being open).
The case of annealing is quite different, given that annealing is much slower than capping. Since the diffusional encounter time of ®laments annealing is so much longer than the time of association and dissociation of capping protein, the likelihood of a productive encounter is governed to a large extent by the diffusional encounter time of the annealing ®laments. There is still a chance of pointed ®lament ends encountering capped barbed ®lament ends, but during the time when the pointed and barbed ®lament ends are in close proximity, there is a greater probability that capping protein will dissociate before the ®lament ends reach each other. Annealing could still be slowed down considerably by the presence of capping protein, but it would not be inhibited altogether.
The predictions of gated reaction theory are re¯ected in our results. If annealing and capping directly compete, then capping protein would out compete annealing, since ®lament diffusion slows as ®laments lengthen, and the sheared capped ®la-ments would not reach lengths comparable to uncapped one-hour controls after 24 hours. The interpretation of capping protein acting as an inef®cient gate, in contrast, predicts the recovery of the one-hour control lengths.
While testing the ef®ciency of capping protein by inhibition of elongation, we calculated a larger equilibrium dissociation constant for capping protein than expected. We postulated that the decrement in binding af®nity is not due to a slowing of the association rate. If the association rate were affected, capping protein would still eventually out compete annealing, but this does not occur. Our data and the interpretation of capping protein as an inef®cient gate in the case of annealing, along with evidence from other studies, support the hypothesis that capping protein may dissociate faster than ®rst assumed. 8, 13, 20 Gated reaction theory provides a robust framework for interpreting the interplay among actin ®lament annealing, capping, and polymerization. However, more theoretical and experimental studies must be done to characterize quantitatively the extent of gating and further physical parameters of the interactions between these actindependent reactions. These interactions are quite complex and deserve critical examination, especially in relation to the other actin-dependent processes occurring in vivo.
Biological roles of annealing
Virtually all processes that involve actin will have a component of annealing. The annealing reaction is tied into polymerization as well as ®la-ment severing, capping, and monomer sequestration. Annealing could occur rapidly at the leading edge of motile cells where PIP 2 inhibits capping protein. The small fragments of ®lament generated by debranching and severing by ADF/co®lin would add quickly to exposed barbed ends of actin to rapidly increase the length of ®laments in concert with polymerization. Alternatively, small fragments of ®lament further back in the cell would slowly anneal, even in the presence of capping protein to form long, unbranched ®laments.
Materials and Methods
Reagents DTT, Tris, CaCl 2 , MgCl 2 , KCl, EGTA, ATP, imidazole, NaN 3 , phalloidin, methyl cellulose, catalase, and glucose oxidase were from Sigma. Alexa green-phalloidin and pyrene iodoacetamide were from Molecular Probes. Rhodamine-phalloidin was from Fluka.
Purification of rabbit muscle actin
Actin was prepared from rabbit skeletal muscle by extraction from acetone powder, polymerization, pelleting, and depolymerization, 21 followed by gel ®ltration on a Sephacryl S-300 column equilibrated with G-buffer: 0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl 2 , 1 mM NaN 3 , 2 mM Tris-HCl (pH 8.0). 22 
25
Light microscopy
Visualization of annealing by light microscopy
Actin at a concentration of 0.5 mM was polymerized for one hour in KMEI buffer (50 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 0.5 mM DTT, 0.1 mM CaCl 2 , 0.2 mM ATP, 10 mM imidazole, 1 mM NaN 3 all at pH 7.0) with equimolar rhodamine-phalloidin or Alexa green phalloidin. Equal volumes of two populations of ®laments labeled with rhodamine-phalloidin or Alexa-green phalloidin were mixed, sheared and allowed to anneal for >one hour. Annealing reactions were terminated by 300-fold dilution into¯uorescence buffer (0.2 M DTT, 25 mM imidazole, 25 mM KCl, 4 mM MgCl 2 , 1 mM EGTA, 3 mM glucose, 0.02 mg/ml catalase, 0.1 mg/ml glucose oxidase, 0.5 % (w/v) methyl cellulose). Filaments were adsorbed to cover slips coated with nitrocellulose or poly-L-lysine 8, 20 and imaged by epi¯uorescence microscopy with an Olympus IX70 (100Â objective, 1.35 NA) and recorded with a Hamamatsu ORCA CCD camera using MetaView 4.5 from Universal Imaging Corporation.
Time-course of annealing by light microscopy
Filaments labeled with rhodamine-phalloidin in KMEI buffer at a concentration of 0.5 mM were sheared by pushing four times through a 0.5-inch 27 gauge needle on a 1.0 ml tuberculin syringe at room temperature. Fragmented ®laments were allowed to anneal for ®ve seconds to 60 minutes before dilution into¯uorescence buffer and adsorption to cover slips. Automated measurements of ®ber length and ®ber breadth for each ®lament in a given ®eld were carried out with Metaview 4.5. The criterion for selecting measurable objects was thresholding based on light intensity. Filament width was subtracted from ®lament length to correct for the halo caused by rhodamine¯uorescence and gain accurate length estimates for ®laments. The lengths of ®la-ments shorter than the width of the halo were derived from their total intensity. A standard curve was constructed of intensity versus estimated ®lament length from the set of ®laments longer than the width of the halo. The slope of this graph was used as a factor to convert light intensity of the smaller ®laments to length values. Care was taken to prevent Metaview from measuring¯uorescent noise. A standard curve was constructed of light intensity versus total area of objects. Any objects in the ®eld with an intensity/total area ratio that deviated from the slope by more than 20 % were discounted as noise, as ®laments of even very small size are brighter than noise of the same size. We measured the lengths of 200-500 ®laments per time point and calculated an average length (L) in actin subunits for each time point.
Fluorimetry
Time-course of annealing Actin was polymerized for one hour in KMEI buffer with equimolar phalloidin and sheared as above. Initial actin polymer concentrations ranged from 0.1 mM to 4.0 mM. At time points from several seconds to 60 minutes after shearing, aliquots were diluted 20-fold in KMEI buffer to stop the annealing reaction. The initial rate of actin monomer elongation was measured immediately following dilution by adding 2.0 mM actin monomer (5 % pyrene-labeled) and recording the initial rate of elongation in KMEI buffer. 4, 26 The concentration of barbed ends was calculated from the initial rate of elongation according to equation (1) .
Stopped-flow assay
Equal volumes of 6 mM polymerized actin and 6 mM 5 % pyrene-labeled Mg 2 -actin monomers were run through the rapid mixer (Mini Stopped-Flow, Kintek Corporation) and the time-course of polymerization was followed by the change in¯uorescence. The concentration of ends was calculated from the rate of change using equation (1) .
Analysis of data
Assuming we are working in a regime where we can ignore nucleation and fragmentation, the number concentration of ®laments (N) changes only due to annealing, according to equation (2) . The number concentration of ®laments (N) is equal to the concentration of polymerized actin (P) divided by average ®lament length (N P/L).
Knowing the dependence of k a on length (equation (4)) allows us to rewrite the rate equation for the annealing reaction (equation (2) where N s is the number of ®laments at t 0. In the case of the stopped¯ow experiments, polymerization occurs in addition to annealing, so equation (6) where P is now time dependent. Having the time-course of P, we were able to numerically integrate equation (8) and ®nd a least-squares ®t value for k. All time-courses and curve ®ts were constructed on Kaleidagraph v3.05. Rate estimates were made by taking the forward derivative of N at each time point (dN/dt). Calculations of average lengths and rates were made with Microsoft Excel. Errors in calculating averages were standard deviations from the average. Errors in calculating individual values for k were errors from the curve ®t. Errors in calculating average k over all polymer concentrations were standard deviations from the mean.
